A method is described for the colonial growth, in semi-solid medium, of erythropoietin-responsive erythroid cell precursors. The erythroid cell precursors were isolated by immune hemolysis from fetal mouse liver. Both the number of precursor cells triggered to proliferate and differentiate, and the size of the erythropoietic colonies formed, are directly dependent upon the concentration of erythropoietin included in the culture.
Erythropoiesis comprises an orderly progression of replication and differentiation starting from a pluripotential hemopoietic stem cell and concluding with the release of reticulocytes and erythrocytes into the circulation. Several in vitro culture methods have been described which transiently support erythropoiesis, either in suspension in liquid medium (1, 2) or as colonies in plasma clot (3) . Recently, Cantor et al. (4) have described a method of cell fractionation by immune hemolysis that provides a population of erythroid precursor cells which respond to erythropoietin in suspension culture by proliferation and by differentiation (4, 5) . In order to further characterize the effects of erythropoietin on the proliferation and differentiation of individual precursor cells it is necessary to employ techniques capable of examining the progeny of individual precursors. In this study, a technique for the colonial growth of precursor cells in semi-solid medium is described. This technique permits analysis of the responsiveness of single precursor cells to the hormone.
MATERIALS AND METHODS
Erythroid precursor cells from 12-to 13-day C57B1/6J fetalmouse livers were prepared by selective immune hemolysis of more mature erythroblasts and erythrocytes with rabbit antimouse erythrocyte antiserum in the presence of complement (4) . These populations are contaminated with about 5% recognizable granulocyte precursors, macrophages, and hepatic epithelial cells.
The components of the culture medium (6) are provided in 
RESULTS
Erythropoietin induces an orderly progression of erythroid cell proliferation and maturation in colonies formed in semisolid medium. The inoculum, as previously described (4) Erythroid precursor cells from 13-day fetal-mouse livers were cultured at 4 X 105 cells per ml in medium containing 0.8% methylcellulose and 0.17 units/ml of erythropoietin.
* Average number of benzidine-reactive colonies in triplicate cultures. throid colony at 48 hr. By 72 hr differentiation has, largely, progressed to the orthochromic erythroblast stage, characterized by advanced hemoglobinization and considerable nuclear pycnosis. Maturation is not wholly synchronous: in some colonies nonnucleated erythrocytes as well as persisting basophilic and polychromatophilic erythroblasts can be seen. By 96 hr orthochromic erythroblasts and nonnucleated forms predominate; macrophages which have ingested hemoglobinized erythroid cells are frequently numerous by this time.
As may be noted in Table 2 , there is no increase in either the number or size of erythroid colonies after 48-72 hr of culture. For this reason 48 hr was adopted as the standard time for scoring colony growth in subsequent studies.
The number of erythroid colonies formed in semi-solid culture is directly related to the number of cells inoculated (Fig 2) . In 0.8% methylcellulose the colony-forming efficiency [100 X (number of colonies)/(number of cells inoculated) I is greater than in 1.8% methylcellulose at all cell concentrations tested. Nevertheless, whereas in 1.8% methylcellulose colony formation is linear throughout the range of cell concentrations tested, in 0.8% methylcellulose the colony-forming efficiency decreases at high precursor cell density (Fig 2) . These observations suggest that high levels of colony formation (large inocula in optimal medium) may exhaust essential nutrients or factors necessary to sustain the growth of erythroid colonies. In order to determine whether, at high inocula, the concentration of erythropoietin used (0.17 units/ml) is limiting, the effect of erythropoietin concentration on colony formation was tested in cultures of 8 X 105 cells per ml of medium containing 0.8% methylcellulose (Table 3) . These data indicate that at this high inoculum 0.17 units/ml of erythropoietin is not sufficient to achieve maximum colony formation. At cell densities of 4 X 105 cells per ml and below, the colony-forming efficiency in 0.8% methylcellulose is optimal at an erythropoietin concentration of 0.17 units/ml (see below) and ranged from 2.7 to 7.5% (mean = 4.8% i1 1.5%) in a series of eight independent experiments.
At concentrations of erythropoietin below 0.17 units/ml the number of colonies (colony-forming efficiency) is directly related to the concentration of erythropoietin added to the culture medium (Fig 3) . Precursor cells inoculated at a concentration of 4 hormone in stimulating colony formation can be detected with as little as 0.017 units/ml and the response reaches a plateau between 0.17 and 0.34 units/ml. Indeed, concentrations significantly above this level occasionally appear inhibitory to colony growth. In the absence of added erythropoietin a few small erythroid colonies are always detected. Whether these represent precursors already committed to differentiation or a response to low levels of the hormone in the serum component of the culture medium has not been determined.
The size of colonies developing in the presence of high (0.17 units/ml) and low (0.034 units/ml) concentrations of erythropoietin was examined after 48 hr of culture in semi-solid medium (Fig 4) . At A principal effect of erythropoietin is the stimulation of proliferation of immature erythroid precursors and the associated differentiation of these cells (1, 4, 5, 9) . Under the present conditions of colonial growth, hormone-stimulated precursors undergo cell division and those morphological changes characteristic of erythroid cell differentiation, including formation of heme proteins.
The rate of erythropoiesis, physiologically, appears to be regulated by the concentration of erythropoietin in the circulation (10) . Two dose-related effects of the hormone in vitro are revealed by the present studies. The number of erythropoietin-sensitive cells stimulated to growth and differentiation (the colony-forming efficiency) is directly proportional to the concentration of hormone in the culture over a range of 0.017-0.17 units/ml. Higher concentrations of the crude hormone preparation have suppressive effects. These observations, taken together with previous radioautographic and biochemical studies (11) support the hypothesis that the primary effect of erythropoietin is on an immature precursor target cell. The size of individual erythroid colonies is also related to the concentration of hormone in the culture. Several possible explanations for this effect may be considered: (1) High-dose erythropoietin acts upon maturing erythroblasts, accelerating cell division and maturation so that a large population of mature erythroblasts is achieved rapidly; (2) High-dose erythropoietin stimulates precursor cell replication, so that colonial growth is sustained by inflow of early erythroblasts, known to be the stages most active in cell division (12) ; (3) High-dose erythropoietin stimulates a class of precursor cells programmed for more cell divisions than precursors responsive to lower concentrations of the hormone. These alternatives are not distinguished by the present data.
